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We examine oxygen incorporation in alpha-Al,05 using electronic structure techniques. We demonstrate
that the ground-state configuration is a peroxide split interstitial, which is more than 2 eV lower in energy
than the oxide closed-shell interstitial species in alumina, which proves to be only a transition state. Our
results have general implications for the nature of oxygen interstitials in close-packed oxides.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metal oxides exhibit a diverse set of physicochemical proper-
ties. Virtually all applications are dependent on the underlying de-
fect chemistry of the material, e.g. oxygen diffusion in solid-state
electrolytes used in fuel cells and defects as active sites in hetero-
geneous catalysis, electronic, optical and electrical devices. Incor-
poration or loss of oxygen with its environment is one of the
most fundamental defect processes that occurs in metal oxide sys-
tems [1]. The nature of the species found is, however, complex ow-
ing to the competing modes of incorporation of interstitial oxygen
and the strong dependence on the oxygen oxidation state and spin.

Most common oxide structures are derived from a close-packed
oxygen sublattice due to the comparatively large radius of the oxy-
gen anion relative to metal cations from the upper part of the Peri-
odic Table, e.g. rock-salt (MgO); fluorite (CeO,); rutile (TiO;);
corundum (Al,03); spinel (MgAl,04) and perovskite (SrTiOs). Inter-
stitial oxygen species may form due to interaction with an oxygen
rich environment, anion Frenkel pair formation, or through radia-
tion damage.

Here we focus on a-alumina, an important dielectric material
that is used in a variety of technological and catalytic applications
and has been the focus of considerable experimental investigation,
with particular emphasis on its mechanical and atomic transport
properties [2-5]. Furthermore, many theoretical studies of defects
in Al,03 have been reported based on classical interatomic poten-
tial [6-10], semi-empirical [11-13], Hartree-Fock [14], density
functional [15,16], and most recently hybrid density functional
methods [17,18]. Many of these studies have focused on the F-cen-
tre associated with oxygen vacancy formation, while the nature of
oxygen interstitial structure and spin configuration has received
much less attention.

In this Letter, we demonstrate that alternate configurations for
the neutral oxygen interstitial in the corundum lattice can change
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the defect formation energy by more than 2 eV. Furthermore, the
energy hypersurface is highly sensitive to both the formal oxida-
tion state and spin of the interstitial species. These results high-
light the careful consideration that must be given to the
treatments of defects in close-packed oxide systems; an accurate
description of the equilibrium point defect properties is essential
before ion transport or more complex defect reaction mechanisms
can be investigated.

2. Methodology

Atomic and electronic structure of the defect states of interest
have been modelled within a supercell approach (periodic boundary
conditions) using a Density Functional Generalised Gradient
Approximation level of theory (DFT-GGA). In this approach a single
point defect, embedded in the ideal crystalline material, is placed in
a large simulation cell that is periodically repeated on a three-
dimensional lattice, which allows one to exploit standard periodic
DFT codes. Thus, unfortunately, an artificial interaction of the defect
with its periodic ‘images’ is introduced. Account and exclusion of
such interactions from the calculated defect properties is exten-
sively discussed in the current literature, particularly for charged
defects that experience strong long-range effects and require large
simulation cells [19]. An alternative approach would be to consider
the point defects in the dilute limit as an embedded cluster, e.g. as
implemented in the QM/MM Chemshell package [20,21]. Since we
are concerned here only with well-localised charge neutral defects,
the supercell needs not be excessively large. Nevertheless, the effect
of defect-defect interactions can also be reduced by a judicious
choice of the supercell shape, the cuboid being optimum, as it damp-
ens slower decaying contributions to the energy and forces. We
have constructed a cuboid cell, 0f 8.33 x 9.61 x 13.14 A dimensions,
that contains 120 atoms and is a fourfold anisotropic extension,
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of the hexagonal unit cell of the corundum structure. We note that
the crystallographic unit cell of corundum is rhombohedral, which
is still three times smaller than the hexagonal setting.

In this study, we have employed the VASP code [22,23] with the
PBE exchange and correlation functional [24], a PAW approxima-
tion used to describe core electrons [25], a 500 eV energy cut-off
for the plane-wave expansion of the valence and conduction states,
and the first Brillouin zone sampling using a 2 x 2 x 2 k-point
mesh. With the unit cell size used, the latter approximation pro-
vides reasonably converged densities for the wide-gap dielectrics,
including o-alumina (Eg=9.25 eV). The energy minima and the
minimum-energy paths (obtained using the Nudged Elastic Band,
NEB, method [26]) reported have been converged to 5 meV/A for
atomic forces.

In our defect calculations, we have relaxed only internal coordi-
nates while keeping the supercell parameters fixed at the values
optimised for the perfect structure of a-alumina as summarised
in Table 1.

The calculated structural parameters are in good agreement
with experiment, overestimated by less than 1.5 %, typical of the
GGA. The optical band gap, in common with standard GGA calcula-
tions on oxide insulators, is underestimated by ca. 37%. Our inves-
tigation, however, focuses on the neutral oxygen interstitial, which
is a strong electron acceptor characterised by defect levels in the
lower part of the band gap of a-alumina, as discussed below. As
the defect processes of interest prove to be much lower in energy
than the calculated band gap value, we do not expect it to have a
significant effect on our results.

3. Results and discussion

We consider the defect reaction involving the incorporation of a
neutral oxygen atom from gaseous oxygen into the Al,03 lattice
(using the standard notation of Kroger and Vink):

1
Vi+502(g)=01. (1)

Thus, calculations of the defect formation energies do not need
to include an oxygen atom in vacuum, which is not accurately de-
scribed by the contemporary density functional theory.

The crystal structure of a-alumina can be represented as a stack
of close-packed oxygen layers with octahedrally coordinated Al
ions (shown in Fig. 1) in the (0 0 1) direction. In each layer, edge-
sharing Al octahedra are arranged on a hexagonal lattice with
one third of the lattice sites remaining vacant. These sites are des-
ignated as octahedral interstitials. In a different view, along the
(11 0) direction, a closely-packed stack of face-sharing octahedral
layers can be identified, in which octahedra occupy a rectangular
lattice, again with every third site missing in rows running in the
(00 1) direction. All Al sites in the corundum structure are symme-
try equivalent and so are the O and octahedral vacant sites.

Our calculations initially placed an oxygen atom at the octahe-
dral interstitial site, characterised by six 0;-0?~ distances of 2.00 A
and two O;-Al distances of 1.94 A, i.e. the octahedral site lies at the
midpoint of a ‘vertical’ (¢ axis) vector connecting two symmetry
equivalent Al sites situated in the adjacent (000 1) planes. The

Table 1

Physical parameters of a-alumina, including the internal degrees of freedom of the
aluminium 12c¢ (0, 0, u) and oxygen 18e (u, 0, '4) lattice sites. Experimental data due
to (a) Ref. [40] measured at room temperature and (b) Ref. [41] measured at 10 K.

a c Ual Uo Eg

(A) (A) (eV)
Calculated 4.807 13.143 0.352 0.694 5.85
Experiment 4.759% 12.990° 0.352° 0.692° 9.25"

face-sharing pattern, in which the interstitial and two Al octahedra
are related, results in the close proximity of these sites. As the neu-
tral oxygen atom has a relatively small size (with a covalent radius
of 0.68 A), its electronic structure can be expected to retain essen-
tial features from the gas phase. Indeed, the valence shell of a neu-
tral oxygen atom consists of one doubly and two singly occupied
degenerate outer p-orbitals, which combine to give rise to a triplet
ground-state in agreement with Hund’s rules ([1]][1][1]). Flipping of
spin on one of the singly occupied orbitals yields an excited open-
shell (spin unrestricted) singlet state ([T]][1][l]), and a subsequent
transfer of an electron from one singly occupied orbital to another
results in a still higher-energy closed-shell (spin restricted) singlet
state ([T!][T1][])- We have carried out geometry optimisation of the
interstitial oxygen species in the three states described and found
that:

(i) In the starting structure, the energy ordering of the three
states of interstitial oxygen matches that of the oxygen atom
in vacuum with the triplet lying about 0.8 eV below the
closed-shell singlet and 0.3 eV below the open-shell singlet.

(ii) On relaxation of the open-shell triplet and singlet states, the
oxygen atom remains on the octahedral site, while the sur-
rounding atoms relax outward.

(iii) On a small shift off centre, the triplet and open-shell singlet
octahedral configurations are restored while the closed-shell
singlet undergoes a strong relaxation into a split interstitial
configuration, which is 2.1 eV lower in energy than the initial
configuration.

The two minimum-energy structures are shown in Fig. 2, with
the structural parameters summarised in Table 2. Previous calcula-
tions, performed at a similar level of theory, reported the highest
energy closed-shell singlet values for the regular octahedral neutral
oxygen interstitial, resulting in much higher defect formation ener-
gies [15,16].

Analysis of the spin density of the two open-shell configura-
tions, shown in Fig. 3 using isodensity plots, has confirmed their
quasi-atomic nature and charge neutrality. The doubly occupied
O 2p-like orbital, which is not spin polarised, is oriented along
the c axis with the electron pair density attracted to the nearest
AI?* cations; here we observe depletion of the spin density. The
spin density, of two electrons of equal spin occupying the remain-
ing O 2p-like orbitals, is axially symmetric and forms a torus
around the hexagonal c axis. The spin density of two electrons of
opposite spin reveals instead the O 2p orbital like spatial distribu-
tion while retaining the axial alignment. We can also observe a
weak spin polarisation of the nearest neighbour oxide ions, which
is isotropic for the triplet case and anisotropic for the singlet, as
spin polarisation of a pair of oxide ions by interaction with two
opposite spins is cancelled by symmetry.

In the split interstitial configuration, two oxygen atoms ap-
proach each other to a close separation of 1.44 A, which is charac-
teristic of the peroxy species, Og’. Therefore on relaxation, electron
transfer has occurred from a lattice oxide ion to an interstitial oxy-
gen atom, which has strongly affected their electronic structure.
With respect to the two Al sites to which the interstitial is coordi-
nated, on forming the peroxy species, the interstitial atom breaks
symmetry by moving into one of the two parallel ‘horizontal’ oxy-
gen planes. In the initial configuration, one Al ion is coordinated to
both 0; (1.90 A) and a lattice oxide ion (1.96 A): on formation of the
peroxy species, the Al-0; bond length is reduced to 1.74 A, while
the Al-O, bond length is increased to 2.63 A. A detailed analysis
of the peroxy species, which is isoelectronic with the F, molecule,
and its role in solid oxides can be found for example in Ref. [27].
Here we note only that the ground-state is a closed-shell singlet,
as we observed in the present calculations, and the usual oxide
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Fig. 1. Corundum crystal structure highlighting the octahedral interstitial sites. The left panel shows a rectangular octahedral layer along with the hexagonal unit cell, the top
right panel shows the hexagonal octahedral layer and the bottom right panel shows two hexagonal octahedral layers superimposed. Red is reserved for O, grey for Al atoms.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Stable configurations of oxygen interstitials in corundum: (a) an octahedral
site, which accommodates higher-energy triplet and open-shell singlet states, (b) a
split interstitial with the ground-state closed-shell singlet. The oxygen interstitial is
coloured green (large ball), and the lattice oxygen involved in the peroxide bond is
enlarged. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 2
Calculated defect formation energies (Eq. (1)) and average structural parameters (in
Angstrom) of oxygen interstitials in a-alumina.

Eform d(0;-00) d(O;-Alay)
(eV)
Open-shell triplet 5.38 217 1.90
Open-shell singlet 5.68 2.17 1.89
Closed-shell singlet (TS) 6.15 2.17 1.88
Closed-shell singlet: split interstitial 4.00 1.44 1.74

and oxygen 2p states are transformed in the peroxy species to the
occupied bonding ¢ and m, antibonding t* and unoccupied anti-
bonding o* states. In this case, new occupied states are introduced
above the valence band of alumina (at 0.5 and 1.0 eV) and an unoc-
cupied state close to the onset of the conduction band, as illus-
trated in the electronic density of states shown in Fig. 4. We also
note the appearance of a split occupied band below the upper va-
lence band, which is also due to the peroxy species (cf. the “3-A”
theory of interstitial hydrogen [28]). Partitioning of the charge den-
sity associated with peroxy defect states between the interstitial
and lattice oxygen atoms indicates that the highest energy defect
states at the top of the valence band are dominated by the intersti-
tial species and the lower energy states by the perturbed lattice
oxygen.

Fig. 3. Electron spin density isosurfaces of the quasi-atomic triplet configuration
(left) and open-shell singlet configuration of the oxygen interstitial on the
octahedral site. The positive spin density surface is shown in azure and the
negative in vermillion.

It is worth noting that the formation of stable peroxide split
interstitial species has been reported in other oxide systems
including rock-salt MgO [29,30], wurtzite ZnO [31], rutile SnO,
[32] and amorphous In,Zn04 [33], in addition to the more open,
framework structures of SiO, [34]. Moreover, the adsorption of
atomic oxygen on the surfaces of a number of close-packed metal
oxides has been studied in detail [35-38], and most recently on the
(000 1) surface of corundum [39] where a stable peroxide species
has been predicted. The authors have found the peroxy bond
length of 1.55 A, which is similar to our 1.44 A, the difference being
attributable to the less confining environment of the (000 1) sur-
face, which also makes this process exothermic in contrast to the
bulk environment, where it is endothermic.

The split interstitial configuration could of course also accom-
modate higher-energy excited states. Indeed, if we consider it as
comprising two O~ ions formed after an initial electron transfer,
on close approach the electrons in the singly occupied 2p orbitals
of the O~ ion can either couple in a closed-shell singlet configura-
tion considered above or remain uncoupled as an open-shell sin-
glet or triplet with the lowest energy states related to the
antibonding c* state. Even higher-energy states would involve
holes in the occupied antibonding ©* states.

It is of particular interest to examine the transition paths con-
necting the lowest energy interstitial configurations. As we ob-
served, in the ground-state the split interstitial is a singlet,
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Fig. 4. Electronic density of states for the stable closed and open-shell configura-
tions of the oxygen interstitial. The highest occupied state is set to zero as indicated
by the dashed horizontal line, and split-off defect states arising from the interstitial/
peroxy species are shaded blue (a fourth weak peroxy band is found to be resonant
within the valence band at ca. —7.5eV). Partitioning of the charge density
associated with the peroxy defect peaks between the lattice and interstitial oxygen
atoms is reported as labels next to the respective defect states.

whereas the octahedral interstitial is a triplet. We have performed
NEB optimisation between the two configurations in both elec-
tronic states; the resultant energies along the minimum-energy
paths are shown in Fig. 5. As we classified the states of interest
using the octahedral state configurations, we will assume here that
this configuration is an initial point, while the split interstitial the
final. The closed-shell singlet path is a monotonic descent from a
maximum to a minimum stationary point with a point of inflection
at about 1.95 A, where we expect a gradual electron transfer starts
to occur. The triplet path is a monotonically increasing function,
confirming the triplet as a minimum, and an extended plateau re-
gion in the peroxy stretching region, approximately [1.45, 1.65] A.
This behaviour is in contrast to more open semi-covalent silicate
systems, where a triplet proves to be a metastable peroxy configu-
ration, with a O-O separation of 1.98 A [38]. The greater stabilisa-
tion of the peroxy for shorter distances by the more ionic AI**
centre and the close proximity of a favourable alternative metasta-
ble state, in the octahedral configuration, could be identified as a
source of the destabilisation of a peroxy triplet. The open-shell sin-
glet exhibits more complex behaviour: initially its energy also
monotonically, albeit very slowly, increases, but then an inflection
point is found at ca. 2.0 A. On further shortening of 0-O distance to
1.95 A a maximum is reached, after which, from about 1.85 A, the
energy rapidly drops, and at 1.7 A the open-shell and closed-shell
singlet solutions become practically indistinguishable. Thus, elec-
tron transfer to the interstitial oxygen should take place at about
1.8 A. The overall height of the barrier is only 0.03 eV, which may
be an artifact of the GGA level of theory used and more accurate
electronic structure techniques will be required to ascertain the
barrier height.

With regard to oxygen transport, which is of high current inter-
est [2-4], these calculations allow us to draw only preliminary con-
clusions. Important alternative mechanisms should be investigated
elsewhere; however, our preliminary results suggest that migra-
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Fig. 5. Minimum-energy paths between octahedral and split interstitial sites
projected on the oxygen-oxygen separation distance, obtained from NEB calcula-
tions. The three paths shown are determined by the initial state at the octahedral
site: the ground-state triplet (green line), open-shell singlet (red line) and closed-
shell singlet (black line). The defect formation energy is with respect to gaseous
(molecular) oxygen. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

tion of the peroxide species is a feasible process with an activation
energy of 0.73 eV across the hexagonal (1 0 0) plane. Alternatively,
oxygen migration can occur via the metastable octahedral intersti-
tial site with activation energies for the spin conserving process of
about 1.7 eV and for the spin crossing process of about 1.4 eV. Both
processes would involve non-radiative electronic transitions on the
state crossing between a closed-shell peroxide electronic configu-
ration and quasi-atomic open-shell configurations of the oxygen
atom.

4. Conclusions

Our calculations have illustrated the complexities of oxygen
interstitial structures in close-packed metal oxides by taking the
example of a-alumina. Depending on the structural and spin con-
figuration, the defect reaction energy can change by over 2 eV,
which in turn will affect its equilibrium defect concentrations by
many orders of magnitude. These results have direct implications
for modelling defect processes in other metal oxide systems, and
indicate that the diffusion processes in such materials may be
more complicated than has been previously assumed, where the
role of peroxy species could be critical.
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